Abstract. This paper presents briefly the state of the art literature review with respect to research in the field of latent heat storage systems as elements of heat only, power only or combined heat and power (CHP) plants utilizing renewable energy sources (RES) for residential applications. Next, a paper introduces initial research carried out in IMP PAN in Gdańsk, Poland, aimed at development of a prototype latent heat storage unit. Identification of the suggested application for the storage unit in a given system is presented. The first stage of development of a prototype heat storage unit, namely a process of PCM pre-selection is discussed.
Introduction
European Union (EU) underlines, in its umbrella energy document entitled "Energy Roadmap 2050", that "storage technologies remain critical" [1] . Buildings are responsible for 40% of total energy consumption in EU [2] and since nearly zero energy buildings, which shall even start to produce more energy than they actually use, are expected to become a standard in the upcoming years [1] , the importance of the research in the field of energy storage appears indisputable. The concept of a latent heat storage has been one of the ideas under consideration since many years. Three main, however strongly overlapping, branches of research in this field can be identified as follows: i) investigation of phase changing materials, its characteristics and classification in terms of chemical and physical properties (see Subsec. 3.1 in this paper for short discussion), ii) investigation of methods for heat transfer enhancement e.g. dispersing particles with high thermal conductivity into PCMs, adding high thermal conductivity elements (plates, brushes, fins etc.), macro-and microencapsulation, preparation of PCM composites [3] [4] [5] [6] [7] [8] [9] [10] , analysis of different design configurations of storage units [11, 12] or means for improvement of storage performance, like exergy based optimization [13] , iii) numerical and/or experimental investigation of thermal performance of latent heat storage units as elements of RES-based energy generating systems or modifications of conventional RES utilizing devices/plants (to be exemplified in Sec. 2).
Literature review of latent heat storage concepts in RES-based energy generating systems
Latent heat storage systems constitute a broad topic and as such has been widely investigated. The below presented selected examples are meant to give the general overview of a wide spectrum of different concepts of latent heat storage units and configurations of various energy systems they are parts of, which were developed and investigated so far. Additionally, an overview of applied PCMs is given, presenting its melting temperature, t m [
• C] and latent heat of melting,
2.1. Latent heat storage units coupled with micro-CHP systems. Nuytten et al. [14] presented an experimental study carried out to evaluate performance of three different configurations of thermal heat storage tanks in a micro-CHP system. The performance of two concepts of latent heat storage, was investigated and compared with a performance of a conventional thermal energy storage (TES) tank filled with water as a reference scenario (300 l, same in all the configurations). Latent heat storage concepts differ with a type of PCM used and with an encapsulation method. First storage is based on an inorganic PCM packed in macroscopic tubes (diameter of 50 mm and 750 mm long), whereas second one uses a paraffin-based PCM packed in small (3-5 mm) capsules. Inorganic PCM is "a mixture of magnesium based hydrates [Mg(NO 3 ) 2 ·6H 2 O and MgCl 2 ·6H 2 O], calcium hydroxide, thickening, nucleating and stabilizing agents" [14] with t m = 58 [
• C] and ∆H m = 145 [J/g], whereas paraffin-based PCM is characterised with t m = 52 [
• C] and ∆H m = 150 [J/g]. Gang et al. [15] investigated a performance of a low temperature solar CHP with regenerative Organic Rankine Cycle (ORC). In general, system consisted of solar collectors and the ORC subsystem. In contrast with a traditional solar Rankine system, the low temperature solar CHP system uses an organic fluid/heat storage unit with PCM and two-stage evaporators. According to [15] , the appropriate PCM for the system could be erythritol (t m = 120 [
However, although a latent heat storage constitutes a part of the system under consideration, its design/construction is not presented in the paper.
2.2.
Latent heat storage as an element of energy system with various types of solar collectors. A prototype latent heat storage unit in a system of direct steam generation (DSG) in parabolic-trough solar collectors was investigated by Bayon et al. [16] . The tested prototype consists of 36 parallel tubes, arranged as six pipes placed in six passes. Those tubes are embedded in a PCM, which thermal conductivity is enhanced by addition of high-conductivity fins. The PCM is 54%-w KNO 3 /46%-w NaNO 3 eutectic mixture (t m = 221 [
• C], ∆H m = ca. 100 [J/g]), and "the conductive fins were 490 × 490 mm 2 1-mm-thick expanded graphite (EG) foil spaced 10-mm apart and perpendicular to the pipes" [16] . Zipf et al. [17] reported on a development of an innovative concept for a latent heat storage based on a modified screw heat exchanger in Concentrated Solarthermal Power (CSP). The high-temperature PCM used in the system is, similarly to [16] , an eutectic mixture of NaNO 3 and KNO 3 . A concept for the storage unit was proofed successfully (namely, it was shown that PCM inside the screw heat exchanger can crystallize continuously) and the prototype heat exchanger was constructed to undergo a series of further test, enabling its final use in a large scale solar thermal power plants. Performance of a latent heat storage unit, consisting of a series of identical tubes embedded in PCM, with water as heat transferring fluid, in a solar system, was investigated by Qarnia [18] . The following three PCMs were investigated in a series of numerical simulations: n-octadecane (t m = 27.5 [
A study of a performance of a latent heat storage as an element in the solar water-heating system of a laboratory building was presented by Kaygusuz [19] . The tested system consists of "the solar collector, energy storage tank, water-to-air heat exchanger, auxiliary electrical heater, water circulating pump and other measuring and control equipment" [19] . The storage tank under consideration consists of cylindrical tubes packed horizontally in a vessel. The PCM applied (calcium chloride hexahydrate,
is packed inside the tubes (made of PVC plastic), while the heat transfer fluid (water) flows parallelly. Kaygusuz also pointed that application of a latent heat storage system appears especially interesting as a heat source for systems with heat pumps, which he further investigated [20] [21] .
2.3. Latent heat storage integrated with the modified construction of a conventional solar collector. Varol et al. [22] investigated experimentally a performance of a solar collector modified by addition of PCM into its construction and compared its efficiency with a non-PCM, conventional solar system. PCM (sodium carbonate decahydrate, Na 2 CO 3 ·10H 2 O, t m = 32.85 [
• C], ∆H m = 267 [J/g]) was located at the bottom of the collector and additionally, heat transfer oil was added, in which copper pipes were immersed. Next, air gap and absorber were located, respectively, above oil and finally, the collector was covered with a transparent glass sheet on the top. Mettawee [23] presented an investigation of the performance of a compact PCM solar collector, where "the absorber plate -container unit" [23] performs a double function, i.e. works as an absorber and a latent heat storage simultaneously. Pipes with cold water were placed inside the paraffin wax (paraffin wax, t m = 53.5 [
Earlier, a PCM-modified solar collector, consisting of two neighbouring sections, i.e. one filled with water and the other one with PCM was investigated by Kürklü et al. [24] . Paraffin wax, with a melting and freezing range between 45-50
• C, played a double role in the system i.e. as energy storage and as additional insulation (due to its low thermal conductivity).
2.4.
Latent heat storage as a modification of a traditional hot water tank in a solar energy system. Al-Hinti et al. [25] presented an experimental investigation of the performance of paraffin wax contained in "38 thin walled, cylindrical, aluminum containers" [25] , which are packed (in two levels) in a commercially available, cylindrical hot water storage tank in a conventional solar water heating system. A volume of each container is 1.3 l, and it corresponds to 1.0 kg of PCM (paraffin wax, t m = 52 [
The volume of the PCM containers is 49.4 l by total, and the remaining 58 l is filled with water in the storage tank. Canbazoglu et al. [26] investigated the experimental open-loop passive solar water-heating system, which consists of flat solar collectors, cold water tank, heat storage tank with PCM, and a set of computer aided electronic measurement system. A wellinsulated, cylindrical heat storage tank is filled with PCM material (sodium thiosulfate pentahydrate, t m = 48.5 [
• C], ∆H m = 208.80 [J/g]), which is packed in polyethylene bottles of 0.44 l each. Bottles are placed in three rows and are filled with 180 kg of PCM (which corresponds to 107.8 l) Water occupies remaining volume of 82.2l. Mongibello et al. [27] presented results of comparison of a technical and cost analysis of two types of thermal energy storage (TES), i.e. conventional hot water and latent TES, designed for two different micro-CHP systems, for two types of buildings (i.e. a single family house and a block of flats). Both latent heat storages were built of a cylindrical tank filled with PCM (the salt hydrate sodium acetate trihydrate, t m = 58 [
• C], ∆H m = 265 [J/g]) and a coil heat exchanger and also an additional (when compared with hot water storages) heat exchanger to exchange heat from/to storage. The hot water storages consisted of a water-filled cylindrical tank and a coil heat exchanger. The performance of the hot water tanks, modernised by adding containers with PCMs, was also investigated by, among others [28] [29] [30] [31] . Finally, a list of 23 sources on modelling and experimental investigation of PCM-hot water tanks reported in literature was given by Nkwetta et al. [32] .
Latent heat storage and its application in photovoltaics.
Since photovoltaic devices exhibit reduced efficien-cy under elevated operating temperatures, numerous concepts of their cooling has been considered so far. Application of PCMs in case of building integrated photovoltaics (BIPV) is especially tempting since they can be arranged to play a double role. First, PCM can absorb "excess" heat from "overheat" PV cells and thus stabilize its operating temperature at desired level, and second, store this heat, which could be used later, when and where needed (eg. for preparation of domestic hot water or space-heating at night). The above mentioned concept was investigated numerically and experimentally by Huang et al. [33] , who developed a numerical model for a system applying PCM for a stabilization of the PV temperature rise, which was validated by comparison with experimental data. Three different configurations, namely single flat aluminium plate system and two PV/PCM systems were analysed (one with internal fin and the other without). PCMs applied were RT25 by Rubitherm (t m = 26.6 [
Possibility of application of PCM in PV systems was also investigated by others [34] [35] .
Towards a prototype latent heat storage in IMP PAN in Gdansk, Poland
IMP PAN coordinates development of a micro-CHP ORC unit (2-3 kW e ) driven by the biomass-fired boiler [36] . Stemming from this idea, a new concept was initiated to develop a latent heat storage integrated with a micro-CHP ORC unit driven by the biomass-fired boiler and an additional solar collector. A target application of the LHS unit in such a system is to utilize solar energy absorbed in a solar collector as a heat source no. 1 to pre-heat a low boiling agent, after it leaves regenerator, and before it reaches a boiler and enters a microturbine. It is expected that such combination could (at least temporarily) allow to lower the amount of biomass fuel used in a boiler. The general scheme of the idea is presented in Fig. 1 . The system consists of the following: (B) biomassfired boiler, (µ-T) micro-turbine, (G) generator, (R) regenerator, (C) condenser, (LHS) latent heat storage unit, (SC) solar collector(s) and pumps. 3.1. Pre-selection of phase change material. Material investigation, leading to the identification and selection of PCMs meeting the set requirements for a given application is, next to the design of a heat exchanger, one of the two elementary steps while developing a latent heat storage unit. Since there exist no material that could meet not only all, but even most of the expectations, Dincer and Rosen [11] suggest to pre-select a number of PCMs that potentially could be used, and next, to compare their advantages and disadvantages, finally making a decision that most often requires a compromise. In reality, the choice is made basing firstly on the value of melting temperature [
• C], which must correspond to the operating temperature of the system, and secondly on the value of the latent heat of melting [J/g], which should be as high as possible. Last but not least, cost of the material and expected savings need to be cross-analysed. There exist a number of publications dealing with phase changing materials and its properties, e.g. [37] [38] [39] [40] [41] [42] [43] [44] . Nevertheless, majority of them concentrates mostly on PCMs with low melting temperatures, corresponding to temperatures of water in space heating systems, domestic hot water (DHW) or temperatures of thermal comfort in buildings. Publications listing PCMs with high values of melting temperature i.e. between 80-200 [
• C], such as [15, [45] [46] [47] [48] [49] , are less common. Nomura [47] , who analysed publications on PCMs published yearly between 2001 and 2009, indicates that those dealing with melting temperature between 20-60
• C were dominating through all this time. However, since 2006 amount of papers dedicated to high temperature PCMs (with t m = above 100 [
• C]) is increasing. Still, selection of a proper material for high temperature latent heat storage appears more challenging from one side, but on the other hand, scarcity of potential materials stimulates search for brand new solutions. Nevertheless, in both cases (high and low temperature PCMs), the availability of data about the materials in literature is scarce and/or differing from source to source, depending on differing conditions of measurements, which are rarely specified by authors. Summing up, selection of materials requires their further experimental investigation.
It is also worth noting that concept of application of proper coatings on selected materials, as is investigated in [50] , constitutes an interesting idea in terms of development of new PCM structures for energy storage.
Methodology of PCM pre-selection.
The following methodology for identification and pre-selection of PCMs for further theoretical and experimental investigation, involving three stages, was suggested and applied in IMP PAN. First stage involved a thorough literature review as well as investigation of commercially available PCMs with value of melting temperature [
• C] within the desired interval (Table 1) . At this stage, this value was the only criterion. As a result 33 materials were listed. During the second stage, more detailed literature data was sought and gathered, about the pre-selected materials, according to a list of "desired" parameters specified in the PCM Material Data Sheet ( Table 1) . As a result, it was possible to eliminate some materials at this stage, which were characterized with, at least one of the following three, disqualifying properties: occurrence of subcooling, low chemical stability and toxicity towards human beings and environment. Finally, eleven materials were left, though they did not necessarily met the requirements. Due to lack of data it was impossible to either eliminate or select them. Finally, during the third stage, it was decided to pre-select two PCMs (Table 2) , representing different chemical groups, and choose them for further investigation and experiments. It is also planned to consider blends of polymer resin with metal alloy, which will be investigated in second place. (Fig. 2) .
Conclusions
Pre-selected materials (Table 2 ) meet the elementary criterion, which is the value of the melting temperature within the required interval. Metal alloy appears intriguing suggestion, especially due to the promising improvement in the conductivity when compared with majority of PCMs requiring different treatments to improve their heat transfer. Inorganic, metallic PCMs are less commonly described in literature when compared to organic phase changing materials. Some papers mention research in the field of potential application of metals and metal alloys as PCMs, but they concern its chemical and physical parameters rather than discuss experiments reporting attempts of application [41, 47, 51] . Blends of preselected materials, operating in two temperature ranges, may be beneficial in case of a heat source with variable temperature. Needless to add, addition of a metal alloy will improve heat transfer of polymer. Further investigation of materials is needed and it is to be performed parallel to development of the concept and design of a prototype high-temperature latent heat storage unit as an element of a RES-based energy system.
